This paper reviews ultrasonic transducers that are made by silicon micromachining immersion applications are made from parallel plate (MUTs).
be presented. The model is used to highhght the A theoretical model for the transducers w i l l important parameters in the design of both airborne and immersion transducers. Theory is used to compare the receive sensitivity, the hansmit power capability, and the bandwidth of the MUTs to piezoelectric msducers. We will show that MUTs are at least as good if not better performing than piezoelectric transducers. Examples of single element transducer$ linear array transducers, and two dimensional arrays of transducers will be presented The agreement between the theory and experimental measurements will be presented and will prove the validity of the model.
micromachined transducer technology that is
In summaty, we will present a capacitive competitive to the piezoelectric technology and that batch processing using silicon fabrication practices. 
5001.
It is easy to see why the sensitiviiy of these capacitors is so much higher than earlier designs.
The gap being several orders of magnitude smaller implies a relative change in capacitance that is the same number of orders of magnitude higher!
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(Eel, +do)" a transducer, a very large number of membranes are electrically connected in parallel using a lithography step. This use of lithography allows the manufacture of single elements, or array elements side by side on the same wafer and in one step.
In an air transducer, the impedance of the membrane at resonance is comparable in value to the characteristic resonant behavior shown in Fig. 2 .
impedance of air. Thus, the transducer has a OLI*IRImIII.-.IYIYII.
, . . , - Fig. 2 Inplt impedance of air cMUT.
The transducer of Fig. 2 shows that without dc bias the real parl of the input impedance is zero bias is applied, and resonant peak representing real and the imaginary part is just a capacitor. As the dc power coupled into the sound wave is seen to exist at the resonant frequency of the transducer. It is important to recognize that the impedance shown is the measured impedance of a capacitor transducer! In immersion applications, the impedance of the membrane is smaller than the impedance of water and can be ignored in comparison. Thus, the input impedance of an immersion transducer has no resonance and consists only of a series (or parallel) RC circuit [6]. Thus, impedance matching the eleqtronics to the RC circuit determines the bandwidth and effciency of the transducer. Similar arguments and calculations can be made for one dimension a m y elements and single element transducers. When the area of a CM becomes large and the capacitance decreases, it becomes more and more diflicult to match the transducer into electronics and thus a practical limit is set on the size of transducers that can be realistically developed using this technology.
TRANSDUCER FABRICATION
processes are used to make the capacitive Standard integrated circuit fabrication transducers. Figure 5 shows the process presently used for makine transducers. However, in order to fit the theory, the impdance of the medium in this case water, has to be increased in order to fit the experiment. In other words, an e m loss term has to be added to account for the insertion theoretical calculations indicate that energy is loss of the transducer. Initial measurements and coupled to the silicon bulk or wafer in the form of Lamb waves. Another paper at this symposium will detail these measurements and calculations 171.
transducer is shown in Fig. 8 .
The impulse response of an immersion shows the large bandwidth that is characteristic of The impulse response of the transducer capacitive ulh;wnic transducers. The measured fractional bandwidth is over l00%0, which is limited by the electronics and not the transducer. A measurement of the insertion loss of the device shows that there is a one way loss of 5dB which is due to coupling into the propagation modes of the wafer.
Air transducers have a similar performance to the immersion transducers. The main Werence is in the bandwidth k i n g much less and of the order of 5%. This small bandwidth is a result of the device performance being dominated by the resonance of the membrane. Figure 9 shows the impulse response of an air transnission experiment. Two identical transducers are used to vdnsmit and receive a 2.3 MHz pulse after propagation through an aluminum sample. The transmitter transducer is excited with a the received pulse is a measure of the bandwidth of 20 cycles tone burst The rise time and fall time of through aluminum indicates that the tranrmission the aansducer, which is about 5% Transmission system has over 100 dB dynamic range. Thus, non-destructive evaluation is enabled using micro machined ultrasonic air transducers. loss of 10 d B . This loss is due to coupling of a Lamb
ARRAYS
One of the main features of the cMUT technology is the ability to use photolithography to define the transducer. Arrays, one dimension or two dimension, can thus be formed in one step. The same wafer can be used to make single or multiple element transducers. Another feature of the cMUT is that the transducer thickness is that of the silicon wafer. A 20 cm wafer has a thickness of 0.75 mm, whereas a IO cm wafer is about 0.5 mm thick. Thus, the profile of anarraycanbeverythin same wafer as the transducers. O r , the transducer Electronic circuits can be integrated on the wafer can be flip chip bonded to an electronics wafer without much increase in the profile of the array. Figure IO shows the Dicture of a 64 elements image a 0.4mm x 0.4mm element which is
The 64 elements l-D array was used to considered a point source. Simple time delay recomction of the raw rf data was done. The result of this reconstruction is shown in Fig. 12 . This problem is small and can be further reduced as mentioned earlier.
CONCLUSIONS
Silicon micromachining canbe used to make capacitive ultrasonic transducers that are competitive with piezoelectric transducers in terms of efficiency and bandwidth They offer the promise of ease of manufacture in l-D and 2-D arrays and of integration with electronic circuihy.
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